Abstract-Brachiopoda is a relict group of invertebrate filter feeders that used a tentacle organ, lophophore, for capturing food particles from the water column. Brachiopod extinction apparently occurred due to low productivity of their filtering organ in comparison with more advanced filter-feeders. Investigation of the filtering mechanism of modern brachiopods is essential to understanding their evolutionary fate. This study is devoted to the rejection mechanism of large waste particles from the plectolophous lophophore of brachiopod Coptothyris grayi. The waste particles gather inside of the lophophore on the outer side of the brachial fold. The particles form rows along frontal grooves of outer tentacles and are carried successively to the tentacle tips and move along them, slimed by mucus. One portion of the particles comes off the lophophore and falls down the mantle, while another part is carried to the abfrontal surface of the tentacles. Due to repeated reversals of abfrontal cilia, the particles wavily move along the abfrontal surface of tentacles. Such movement contributes to the secretion of mucus and the formation of particle clots. The clots come off the lophophore and fall down the mantle. The particles are transported along the mantle by cilia to the anterior part of the mantle margin. Here the ciliary reversals that facilitate secretion of mucus and formation of pseudofeces also take place. The latter takes away from the mantle cavity. Thus, only outer tentacles participate in the rejection of large waste particles from the lophophore. Ciliary reversals of the abfrontal surface of tentacles and the mantle are discovered in brachiopods for the first time. This facilitates the additional secretion of mucus and formation of pseudofeces, easing their exit from the mantle cavity. The results contribute to the knowledge of lophophore function and evolution of tentacle organs in Bilateria.
INTRODUCTION
Brachiopods (or Brachiopoda) are marine invertebrates whose body is enclosed by a bivalve shell. The larger part of the shell is occupied by the mantle cavity that is a vast space lined with folds of the epithelium of the body wall (mantle) and communicates with the environment. In the mantle cavity of the brachiopods, there is a filtering organ: the lophophore. The lophophore is a special organ that has tentacles that surround the mouth and never surround the anus [1] . The lophophore performs a variety of functions from feeding and respiration to brooding site for larvae and occurs in three types of invertebrate animals: phoronids, brachiopods, and bryozoans. In brachiopods, the structure of the lophophore reached its maximum morphological diversity and complexity. The basis of the lophophore is the brachial axis, along which grows a row of tentacles [2, 3] . The brachial fold is parallel to the bases of the tentacles. Between the fold and the tentacles lies a food groove. In the different types of lophophore, the brachial axis has different morphology and may be semicircular, u-shaped, loop-shaped, and spiral [3] .
In most brachiopods, the tentacles are organized in two rows along the brachial axis-outer row and inner row-situated in a checkerboard pattern. On every tentacle of each row, frontal and abfrontal sides can be identified. The frontal side faces the brachial fold and the food groove; the abfrontal surface is on the opposite side of the tentacle. A bulge along the frontal side of the inner tentacles is the frontal ridge; a depression along the frontal side of the outer row tentacles is the frontal groove.
According to literature data [4, 5] , the brachiopod filtering process can be divided into several successive events: creation of water currents in the mantle cavity, sorting of the particles, capture and transport of the food particles towards the mouth, removal of the waste particles, and cleaning of the lophophore.
Circulation of water in the mantle cavity is created by the beat of the lateral cilia, which are located along the lateral sides of the tentacles, and the cilia covering the mantle [2, 6] . The tentacles divide the inner space ZOOLOGY of the mantle cavity into inhalant and exhalant chambers. Water enters the inhalant chamber, passes between the rows of tentacles into the exhalant chamber, and exits the body from there. The nature of circulation of the mantle cavity water currents varies between different types of the lophophore [2, 7] . However, in all cases, the inhalant currents carrying food particles meet the frontal surface of the tentacles, and the particles are captured from the upper frontal side of the lateral cilia, which is typical for the so-called "upstream collecting system" [8] .
It is assumed that the particles can be sorted by size [3, 6, 9] , by mass [10] , and also simultaneously by gravity, shape, and charge [11] .
As of today, the mechanism of the food particle capture is a subject of morphological and experimental studies [10, [12] [13] [14] [15] . It is known that they fall on the frontal grooves of the outer tentacles, move downside, and enter the food groove, where they are slimed and transported towards the mouth. There are several hypotheses on how the food particles are captured from the inhalant current and transferred to the frontal groove of outer tentacles. The hypothesis of local reversal of the lateral cilia [12, 13] is considered the most plausible, combined with hypotheses of the aerosol capture [14, 16] : the food particles at the distance equal to their diameter from the lateral cilia cause local changes in the direction of the beat of the lateral cilia, so they begin to beat in the direction of the frontal groove, and the particle is repelled by this onto the frontal surface of a tentacle.
Waste particles accumulate inside the lophophore, from where they are transported towards the tips of the tentacles and are expelled with the exhalant current. However, there is no common answer in literary sources to the question of how the waste particles are extracted. Most studies assume different roles of the inner and outer tentacles in the cleaning of the lophophore: the outer tentacles pass edible particles to the food groove, while the inner tentacles pass waste particles towards their tips, where the particles come off the tentacles and are carried out with the exhalant current [10, 15, 17, 18] . Some authors [10, 15] believe that the frontal cilia of inner tentacles are constantly beating toward the tips, and, therefore, the lophophore is constantly being cleaned. Other researchers [2, 17, 18] believe that the beat of the frontal cilia of inner tentacles is reversed during the cleaning of the lophophore. However, Strathmann [12] describes only outer tentacles as participating in the cleaning and feeding (by frontal ciliary reversals).
The aim of the present work is to study the mechanism of removal of large waste particles from the mantle cavity on the example of the plectolophous lophophore of the articulate brachiopod Coptothyris grayi (Davidson, 1852).
MATERIALS AND METHODS
The study material (mature individuals of C. grayi) was collected in July 2015 at the depth of 8-10 m in the Vostok Bay in the Sea of Japan in the vicinity of the Vostok marine biological station of the National Scientific Centre of Marine Biology. The study was conducted on living individuals that had the ventral valve of the shell removed in the aquarium with sea water at 18°C. Spherical particles with 110 μm diameter were added into the water. Observations were conducted using a Leica MZ12.5 stereomicroscope (Leica Microsystems, Germany); the photography was conducted using a DMC6200 digital camera (Leica Microsystems, Germany).
The structure of the brachial axis of C. grayi lophophore was studied using scanning electron microscopy. For this purpose, prepared lophophore sections were fixed in 2.5% glutaraldehyde in cacodylate buffer. The material was then processed by the standard methodology for scanning electron microscopy. The prepared samples were examined and photographed on Hitachi S-405A (Hitachi, Japan) and Cam Scan S2 (Cambridge Instruments Inc., United Kingdom) scanning electron microscopes.
RESULTS AND DISCUSSION
The plectolophous lophophore, which is the most complex type of lophophore organization in brachiopods, is typical for the studied species. During the filtration, the shell valves are only slightly opened (Fig. 1a) . The plectolophous lophophore is attached to the anterior body wall and is supported by a calcareous skeleton. It protrudes into the mantle cavity and consists of two lateral arms and one middle spiral arm (Fig. 1b) . A double row of tentacles is situated along the lophophore arm and consists of checkerboard alternating inner and outer tentacles; the brachial fold is parallel to the tentacle bases (Fig. 1b) . The tentacles are covered with cilia. Three longitudinal ciliary zones, typical for other brachiopods, go along the tentacle [10, 19] : one frontal and two lateral. The frontal ciliary zones face the brachial fold. The lateral ciliary zones are located symmetrically on both sides of the tentacle. Since lateral cilia of the inner tentacles are located closer to the abfrontal side, they are also called latero-abfrontal cilia, and the lateral cilia of outer tentacles are located closer to the frontal side; therefore, they are called latero-frontal cilia [5, 19] . The abfrontal side of the tentacles is covered with less densely situated cilia. We found no specific sensitive latero-frontal cilia on the edges of the frontal ciliary zones, which had been described for some articulate and inarticulate brachiopods [10, 13] .
The circulation of water in the mantle cavity of brachiopods with the plektolophous lophophore was studied in detail [2, 20] . The study of an undisturbed plectolophous lophophore inside the shell that used an endoscope [15] provided the most accurate results. During filtration, water enters the mantle cavity from the sides and goes into the frontal side of the lateral arms, where it divides into two currents. The first current passes between the tentacles of the lateral arms and exits the mantle cavity with the exhalant current in the front and center of the shell. The second current goes backward along the lateral arms and is drawn into the median spiral arm, passing between its tentacles, and exits in the center between the shell valves as well.
Based on the morpho-functional analysis, it was suggested that the upper limit of edible particles in brachiopods is approximately 100 μm [3] . When adding 110 μm diameter particles, we have found that the particles enter the lateral arms of the lophophore; particles do not enter the food groove there and instead concentrate on the outer side of the brachial fold (Fig. 2a) .
The mechanism of cleaning of the lophophore from large waste particles can be divided into three stages:
1. Transport of particles from the frontal to the abfrontal surface of the tentacles. During the observation of the cleaning process of the lophophore, we have found that large particles that accumulate at the tentacle bases line up in a row one after another and move toward the tips of the tentacles (Figs. 2b-2c) . The particles only move from the base to the tip of tentacles along the grooves of the outer tentacles, while the inner tentacles are not engaged in the lophophore cleaning (Fig. 2d) . When the particles reach the tentacle tips, they are slimed with mucus and either move along the tentacle tips (Figs. 2g-2i ) until they fall onto the mantle fold or get to the abfrontal side of the tentacles. Since it has been proven that the outer tentacles are also involved in transport of the food particles down towards the food groove [4, 5] , we can assume that the outer tentacles can participate in both feeding and removal of the waste particles by reversal of their beat, which is consistent with the data of Strathmann [12] . Our data does not confirm the results of previous studies in which it has been shown that the main role 
Transport of particles from abfrontal side of the tentacles onto the mantle.
Once the particles slimed into clots by mucus are on the abfrontal side of the lophophore, they begin to move up and down until they separate from the lophophore and then fall on the mantle fold (Figs. 3a-3d) . We can hypothesize that the abfrontal cilia of the tentacles reverse beat direction several times, which likely facilitates the separation of mucous clots with particles from the lophophore. Involvement of mucus in sliming the waste particles to clean the lophophore is widely known [4, 5] . However, we showed for the first time the process of repeated reversal of the beat direction of afrontal lophophore cilia, due to which the waste clot starts moving up and down the tentacles, which facilitates additional mucus secretion and separation of the clot from the lophophore. Additionally, separation of particles from the lophophore is facilitated by flexing of individual tentacles (Fig. 3e) . In some cases, flexion of the tentacles increases the distance between them that is sufficient for passage of the larger particles, which then fall on the mantle fold. Tentacle movement for the lophophore cleaning has been described for many brachiopods [9] .
3. Transport of particles along the mantle and removal into the environment. The particles that fell onto the mantle fold are slimed with mucus and moved by the beat of mantle cilia to a specific location: namely, to the anterior part of the mantle margin (Fig. 3f) . The accumulation of particles and formation of pseudofeces and their removal occurs here. In certain cases, before exiting into the environment, the particles oscillate back and forth, similar to what we have observed on the abfrontal side of the tentacles. It is probable that the mantle cilia are also able to reverse their beat, and this process facilitates the separation of particles from the mantle margin and their release into the external environment. Outflow of the particles strictly from the anterior section of the mantle margin corresponds to the direction of the exhalant current, which facilitates the exhalation of particles. Mantle involvement in the process of the waste particle excretion also has been noted by numerous authors [6, 9] .
It is important to note that this observation was made on the dissected individuals without the ventral valve. Therefore, we could not observe the process of shell closing, which is described for most brachiopods and plays an important role in cleaning of the mantle cavity from pseudofeces [2] . In addition, with the ventral valve removed, we could not observe a strict sepa- KUZMINA, TEMEREVA ration of the in-and exhalant water currents through the mantle cavity. In this case, the particles could not be carried away by the exhalant current and fell on the mantle, which also occurs with an intact current system. Therefore, we proved for the first time that only the outer tentacles are involved in the process of the lophophore cleaning. Ciliary reversal on the abfrontal tentacles and mantle facilitates additional mucus secretion and formation of the pseudofecal clots and their exit from the mantle cavity.
Brachiopods are a relict group of invertebrate filter feeders who flourished in the Paleozoic; in the Mesozoic, the extinction of this group occurred so that only approximately 5% of the former diversity survived to the present day [21] . On the contrary, other filter feeders, bivalve mollusks, became predominant in seas since the Mesozoic and are currently abundant. From these two facts it was concluded that brachiopods were displaced by bivalve mollusks in a competition for food sources and habitats [22] . However, bivalve mollusks were already more evolutionary successful in the Paleozoic, which was primary due to their filtering organ already being more effective than that in brachiopods in the Paleozoic [21, 23] . The present study demonstrated that the mechanism of sorting the particles and cleaning the filtering organ in brachiopods is similar to that of bivalve mollusks [24] and is associated with strong mucus excretion, sliming the particles that, due to their large size, did not enter the food groove, and their removal from the mantle cavity via exhalant current. However, there is a crucial difference in the volume of the filtering apparatus: it is very large in bivalve mollusks and has a much lower volume in brachiopods. The effectiveness of the filtering organ is directly connected to its size. In brachiopods, all attempts to construct a very large lophophore and, thus, to have larger body size were unsuccessful: for example, giant brachiopods (Gigantoproductinae) with shell diameter of 12 cm went extinct, and the sizes of present-day brachiopods never exceed 6 cm. The presence of an effective filtering organ enabled bivalve mollusks to better adapt to the changes in the environment and occupy new ecological niches, while brachiopods appeared to be less plastic and underwent a catastrophic extinction [21, 23, 25] .
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